Dysfunction of fast axonal transport, vital for motor neurons, may lead to neurodegeneration. Anterograde transport is mediated by N-kinesins (KIFs), while retrograde transport by dynein 1 and, to a minor extent, by C-kinesins. In our earlier studies we observed changes in expression of N-and C-kinesins (KIF5A, 5C, C2) in G93AS-OD1-linked mouse model of motor neuron degeneration.
INTRODUCTION
Kinesins (KIFs) form a superfamily of proteins involved in fast, long-distance axonal transport (Hirokawa et al., 2009) . Since motor neurons are very large cells with axons reaching the length of over one meter in humans, kinesins are vital for their survival (El-Kadi et al., 2007) . Kinesins are classified into 15 families and grouped as N-, M-, and C-kinesins according to their conserved motor domain position (Hirokawa et al., 2009; Kanai et al., 2000) . The most abundant N-kinesins participate in the anterograde transport (from the cell body to the distal axon), whereas the less numerous C-kinesins, in the retrograde transport (in opposite direction) (Hirokawa et al., 2009; Hirokawa & Tekamura, 2004; Saito et al., 1997; Kanai et al., 2000) . The kinesins studied in the present work belong to the N-group (family 1 -KI-F5A and KIF5C) and C-group (family 14B -KIFC2). They are tetrameric proteins comprising two heavy and two light chains. Their heavy chains show ATPase activity and are responsible for energy production and motor activity, whereas the light chains are responsible for cargo binding (Vale & Fletterick, 1997; Hua et al., 1997) . KIF5A and KIF5C are specific to neurons and essential for mitochondrial transport (Kanai et al., 2000) . KIFC2 is present in neural cell bodies, axons and dendrites and seems to be involved in the transport of multivesicular body-like organelles, but its exact function is not clear (Hanlon et al., 1997; Saito et al., 1997) . Beside the Ckinesins, the retrograde transport is maintained by cytoplasmic dynein 1 acting as a multi-protein complex with dynactin (Eschbach & Dupuis, 2011; Vaughan, 2005) . There is much indirect evidence for an involvement of cytoplasmic dynein 1 and dynactin in the pathogenesis of motor neuron diseases (Puls et al. 2003; Perlson, et al, 2010; Eschbach & Dupuis, 2011; Ikenaka et al., 2012) .
Among the motor neuron diseases (MND), amyotrophic lateral sclerosis (ALS) is the most frequent, devastating and fatal (Ince et al., 2011) . ALS patients develop rapidly progressive paralyses of skeletal muscles leading to complete immobility and loss of autonomy. They die within three to five years from symptoms onset, usually due to respiratory failure. About 85% of ALS cases are sporadic (SALS) and the remaining 15% are familial (FALS). Mutations in the SOD1 gene are responsible for about 20% of the genetically determined and up to 7% of SALS cases (Andersen, 2006; Mulder et al., 1986) . Mice expressing human SOD1 gene with G93A mutation develop clinical symptoms similar to ALS in humans and are used as a classical model for studies of the disease (Gurney et al., 1994; Dal Canto & Gurney, 1995; Tu et al.,1996) . Defects in the retrograde transport appear in their motor neurons in early stages of embryonic development (Kieran et al., 2005) . However, symptoms of motor neuron degeneration were also observed in mice with autosomal dominant missense point mutation in the gene encoding the heavy chains of cytoplasmic dynein 1 (Dync1h1). Those mice, called Cra1 due to cramping of the hindlimbs when suspended by tail, show a similar but milder phenotype to the SOD1G93A mice and have been considered as a new model for studies on motor neuron degeneration (Hafezparast et al., 2003; Teuchert et al., 2006) . The retrograde axonal transport mediated by the dynein/dynactin complex is impaired in Cra1 mice (Hafezparast et al., 2003; Hrabe de Angelis et al., 2000; LaMonte et al., 2002) . Nevertheless, they show later onset of symptoms compared to the SOD1G93A mice and nearly normal life-span. Crossing the SOD-1G93A with Cra1 mice slightly increases their life-span relative to that of SOD1G93A, but it is still shorter than for the Cra1 mice (Hafezparast et al., 2003; Kieran et al., 2005; Teuchert et al., 2006) . Since in the double Cra1/ SOD1 heterozygotes the disease progression is delayed relative to SOD1G93A, the Dync1h1 mutation appears to slow down the motor neuron degeneration caused by the SOD1G93A toxicity (Kieran et al., 2005; Teuchert et al., 2006) . However, the mechanism by which Dync1h1 mutation affects the phenotype of the SOD1 transgenics is not clear. In our recent work we showed several changes in the expression of N-kinesins (KIF5A, 5C) and C-kinesins (KIFC2/C3) in the CNS from both human SALS cases and mice with the G93A mutation in human SOD1 (Kuźma-Kozakiewicz et al., 2012) . In the present work we continued the studies on Cra1/+ and Cra1/ SOD1 mice to find out whether the Dync1h1 mutation affects mRNA expression of kinesins involved in both anterograde and retrograde transport, and whether it has any influence on their mRNA expression in mice with the SOD1G93A mutation. We performed studies on brain frontal cortex and cervical spinal cord, the structures usually affected in ALS, and on the hippocampus, a structure not affected (control) by the disease. We also included the cerebellum, the CNS structure rarely studied in motor neuron degeneration (MND), because of a number of interesting features we had observed there previously (Barańczyk-Kuźma et al., 2007; Kaźmierczak et al., 2011; Kuźma-Kozakiewicz et al., 2012) .
MATERIALS AND METHODS
Tissue dissection. Brain frontal cortex, hippocampus, spinal cord and cerebellum were obtained from mouse strain C57BL/6GJ-C3H/HeJ (B6-C3H) hybrids harboring dynein heavy chain 1 mutation (Dync1h1; socalled Cra1/+), double Dync1h1/human SOD1G93A mutation (Cra1/SOD1), and from genetic backgroundand age-matched wild-type controls (+/+) (six males in each group). The SOD1G93A males (B6 background; Jackson Laboratories, Barr Harbor, ME, USA) were crossed with Cra1/+ heterozygote female mice (C3He background; Ingenium Pharmaceuticals AG, Martinsried, Germany), as described by Teuchert et al. (2006) . The transgenic mice were at the presymptomatic stage (age 70 days for Cra1/SOD1 and Cra1/+, and 140 days for Cra1) or at the symptomatic stage (age 140 for Cra1/ SOD1 and 365 days for Cra1/+). Brain frontal cortex, cervical spinal cord, hippocampus and cerebellum were isolated immediately after the animals were sacrificed, stored at -80°C, and used in subsequent experiments.
Methods. Total RNA was isolated with the use of NucleoSpin ® RNAII kit (Macherey-Nagel) according to manufacturer's protocol followed by reverse transcription, polymerase chain reaction and DNA electrophoresis in agarose gel. The reverse transcription reaction mixture contained 2 µg of total RNA and 1 µl of obtained cDNA were used as the substrate for PCR. Specific primers for mouse kinesins were as follows: for KIF5A -5'GGATCGCTCGAGACATCTTC3′ and 5'TCT-GCTCGGTCTCTACGTTC3′, for KIF5C -5'CATG-GACGAGAACCTGGAGT3′ and 5'GTCCTGGAGA-ATCCGAGTCA3′, for KIFC2 -5'ATGCGTCTTGCT-GAGTTCCT3′ and 5'CTCTGTTCCTCCTCCAACTG3′. The primers for ribosomal S12 protein cDNA (a housekeeping gene) were: 5'TCGCATCCAACTGTGAT-GAG3′ and 5'TCTTTGCCATAGTCCTTAACCAC-TACG3′. For each pair of primers optimal conditions of the reaction were established, including Mg 2+ ions, primers and dNTP concentration, temperature of annealing and number of reaction cycles. PCR reaction was carried out as follows: initial denaturation (3 min at 94°C) followed by 20 (KIF5C), 24 (KIF5A) and 25 (KIFC2 and S12) cycles (denaturation for 1 min at 94°C, annealing for 30 s at 55°C for kinesins and 60°C for S12, extension for 2 min at 72°C) and a final extension step (7 min at 72°C). PCR products were separated on 1.5% agarose gel with ethidium bromide (0.5 µg/µl). The relative kinesin mRNA levels were expressed as the ratio of the optical density value of each kinesin band to the optical density of the S12 band. Each assay was performed in duplicate and repeated two times. System UVI-KS4000 (Syngen Biotechnology) was used for densitometric analysis. Results were expressed as means ± S.D., and the data were analyzed by the two-way analysis of variance (ANOVA). Quantitative comparison between studied groups was performed by Student's t-test using Statistica 9.0 (StatSoft). The level of significance was set at p < 0.05. Studies were approved by the Ethics Committee for Experiments on Animals at the Medical University of Warsaw (AO-KEZ/622/3).
RESULTS
Results on kinesin expression in the wild-type, Cra1/+ and Cra1/SOD1 mice, at various age/clinical stage are shown in Table 1 . In the frontal cortex of the wild-type mice, the level of KIF5A expression was independent of age, whereas that of KIF5C and C2 was significantly higher in younger (aged 70 days) than in older animals (p < 0.00001 for KIF5A, p < 0.001 and p < 0.01 for KIFC2 in mice aged 140 and 365 days, respectively). There were no age-related changes in the hippocampus and the spinal cord of the wild-type mice, but in the cerebellum the entire kinesin expression was significantly lower in 70-day-old mice than in older animals (p < 0.0002 and p < 0.01 for KIF5A in mice aged 140 and 365 days, respectively; p < 0.01 for KIF5C in mice aged 140 days; p < 0.00001 and p < 0.002 for KIFC2 in mice aged 140 and 365 days, respectively).
In the frontal cortex of Cra1/+ mice a significant increase of KIF5A expression occurred at the symptomatic (mice aged 365 days; p < 0.0001) but not at the presymptomatic stage (aged 70 and 140 days) compared to wild- type controls. In Cra1/SOD1 hybrids KIF5A expression was unchanged (Table 1) . Kinesin 5C expression in 70-day old Cra1/+ mice was significantly lower than in the age-matched control (p < 0.001) but in the older groups, both presymptomatic (aged 140 days) and symptomatic (aged 365 days), it was significantly higher than in the wild-type mice (p < 0.05 and p < 0.0001, respectively). In Cra1/SOD1 hybrids KIF5C expression was unchanged in the presymptomatic mice and increased at the symptomatic stage (p < 0.0001). KIFC2 expression in both Cra1/+ and Cra1/SOD1 70-day-old transgenics was lowered when compared with the control groups (p < 0.01 and p < 0.0001, respectively). In older Cra1/+ mice (aged 140 and 365 days) it was unchanged but in Cra1/SOD1 significantly increased (p < 0.005) ( Table 1) .
In the spinal cord of Cra1/+ mice the expression of studied kinesins in all animal groups was unchanged (Table 1). In Cra1/SOD1 mice KIF5A expression was significantly increased compared to the wild-type controls, at both presymptomatic (aged 70 days) and symptomatic stages (aged 140 days) (p < 0.0001 and p < 0.005, respectively), whereas that of KIF5C and C2 was slightly increased only at the presymtomatic stage (p < 0.05) (Table 1).
In the hippocampus of Cra1/+ mice, KIF5A expression was higher (p < 0.01), KIF5C lower (p < 0.01) in the 70-day-old-presymptomatic group compared to the agematched controls, and KIFC2 expression was significantly decreased in the group aged 365 days (p < 0.005) ( Table 1 ). In the double Cra1/SOD1 hybrids, KIF5A expression was slightly higher at the symptomatic stage (p < 0.05), KIF5C slightly lower at the presymptomatic (p < 0.05) than in the control groups, and KIFC2 was changed at both stages -decreased at the presymptomatic (p < 0.001) but increased at the symptomatic stage (p < 0.0001).
In the cerebellum of Cra1/+ transgenics, differently than in other structures of the CNS, expression of all The expression was quantitated by RT-PCR, as described in Materials and methods. The results are expressed as the ratio of the optical density for each kinesin to the optical density of the S12 cDNA band. Each value is the mean ± S.D. of 2 experiments performed in duplicate. a Difference statistically significant when compared to 70-day-old wild-type mice; b difference statistically significant when compared to the age-matched control.
KIFs was lowered in the older groups (aged 140 and 365) but not in the younger one (aged 70 days) (Table 1). The decrease was significant for KIF5A with p < 0.001 in mice aged 140 days and p < 0.0001 in mice aged 365 days. The changes in KIF5C expression occurred in both age groups, however they were significant only in 140-day-old mice (p < 0.005). KIFC2 expression was significantly decreased in both groups (p < 0.0001). In Cra1/SOD1 transgenics expression of KIF5A and KIFC2 was lowered at the symptomatic stage (aged 140 days, p < 0.005 and p < 0.05, respectively) but KIF5C was unchanged.
Anova analysis showed that in the frontal cortex expression of KIF5C and KIFC2 but not KIF5A was dependent on both mutation and age/clinical stage with F (3.98)=38.607, p=0.00001, and F(3.10)=8.754, p=0.0001, respectively. In the spinal cord, only KIF5A expression was dependent on both mutation and age/ clinical stage (F(3.71)=3.295, p=0.0253). In the hippocampus, the expression of all kinesins was dependent on mutation and clinical stage (age) with F(3.79)=6.459, p=0.0006, F(3.78)=5.087, p=0.0029), and F(3.79)=10.766, p=0.00001 for KIF5A, KIF5C and KIFC2, respectively. In the cerebellum expression of KIF5A (F(3.95)=4.541, p=0.0051) and KIFC2 (F(3.97)=4.369, p=0.0063) was dependent on mutation and clinical stage.
DISCUSSION
Because of difficulties in obtaining human tissues and the variability of clinical manifestations in ALS patients, many studies on the pathogenesis of motor neuron degeneration (MND) are conducted on animal models. The most popular, classical model of MND are mice harboring the SOD1G93A mutation (Gurney et al., 1994) . Studies published in the last decade have shown that also mice with cytoplasmic dynein 1 mutations (Cra1, Loa) develop a late onset MND (Hafezparast et al., 2003; Kieran, et al. 2005; Teuchert et al., 2006) .
The molecular mechanisms of Dync1h1-linked neuronal pathology and degeneration are still unclear and point to an involvement of either alpha motor neurons or/and peripheral nerves. Also the cause of the increased life-span of the double Dync1h1/SODG93A mice as compared to SOD1/+ mice remains vague.Therefore we undertook studies aimed to shed more light on the impairment of the transport processes in the cortex (corticospinal tracts) and the spinal cord (including alphamotor neurons).
Studying expression of kinesins in the CNS of mice with human SOD1G93A mutation we found a significant increase of KIF5A, 5C and C2 levels in the frontal cortex of symptomatic animals (Kuźma- Kozakiewicz et al., 2012) . In Cra1/+ mice, studied in the present work, the expression of kinesins involved in the anterograde transport (KIF5A and 5C) but not in the retrograde transport (KIFC2) was raised. Similarly to SOD1/+ mice, KIFC2 expression was significantly increased in symptomatic Cra1/SOD1 hybrids.
In the spinal cord of SOD1/+ mice the KIF5A expression was increased at both pre-and symptomatic stages, while the KIFC2 expression -at the symptomatic stage only (Kuźma-Kozakiewicz et al., 2012) . In Cra1/+ mice the expression of all kinesins was unchanged. In this structure the expression of all kinesins was much lower than in the frontal cortex, in both wild-type and Cra1/+ mice. This disproportion could explain the lack of visible changes in the spinal cord.
However, the level of kinesins expression in the spinal cord of Cra1/+ mice was comparable to that found in SOD1/+ transgenics, where the changes were well seen. They were also observed in Cra1/SOD1 mice. This indicates that the spinal cord might not be affected by the Dync1h1 mutation.
In the hippocampus, not affected in MND, the expression of kinesins was unchanged in SOD1/+ mice (Kuźma-Kozakiewicz et al., 2012) , with minor changes in their expression in Cra1/+ and Cra1/SOD1 transgenics.
Despite the lack of cerebellar signs in patients with ALS, we observed several changes of kinesin expression in both SOD1/+ and Cra1/+ mice in the cerebellum. Surprisingly, the changes were opposite to the ones found in other CNS structures. In SOD1/+ mice, the expression of all studied KIFs was significantly decreased at the symptomatic stage (Kuźma-Kozakiewicz et al., 2012) , whereas in Ca1/+ mice the decrease was observed earlier, at the presymptomatic stage (age 140 days) and lasted through the symptomatic stage (age 365 days). In Cra1/SOD1 mice the expression was unchanged (KIF5C) or lower than in the wild-type controls.
The KIF expression was not the only molecular feature which differed between the Cra1/+ and SOD1/+ mice. Kinesins transport their cargo using microtubules that form intracellular tracts stabilized by tau protein.
Tau effectively participates in the axonal transport being also involved in microtubule polymerization, organization into bundles, and interaction with dynein/dynactin complexes (Hirokawa et al., 1988; Magnani et al., 2007) . Our earlier studies on tau expression and its alternative splicing in SOD1G93A and Cra1/+ mice showed clear differences between these two transgenic models . The disturbances of tau expression, especially in the frontal cortex and cerebellum, were more severe in mice with the SOD1G93A than with the Dync1h1 mutation . Studying glutathione S-transferase pi, an enzyme involved in detoxification of electrophilic compounds and products of oxidative stress, we found that its expression was decreased in the frontal cortex, hippocampus and spinal cord of SOD1/+ but not Cra1/+ mice (Kaźmierczak et al., 2011) . Dissimilarities between the two models have also been seen by other groups. Contrary to the first Cra1 description by Hafezparast et al. (2003) , Courchesne et al. (2011) did not confirm a significant loss of primary motor neurons at their symptomatic stage. They showed instead a decreased complexity of neuromuscular junctions. According to those authors, the clinical symptoms of Cra1/+ mice were associated with muscle fiber abnormalities rather than with neurodegeneration. Dupuis et al. (2009) did not observe electrophysiological or biochemical signs of muscle denervation indicative of motor neuron disease in the Cra1/+ heterozygotes. In their opinion, the Cra1 phenotype could be related to a prominent degeneration of sensory neurons associated with a loss of muscle spindles. The Dync1h1-linked symptoms could therefore lead to a mild peripheral neuropathy rather than to motor neuron disease. Taken together, these data indicate that despite some similarities in the phenotype, Cra1 mice should not be used as an animal model of motor neuron degeneration.
The changes we observed in kinesin expression in the Cra1/SOD1 hybrids, especially in the frontal cortex and the spinal cord, partially varied from those of Cra1/+ mice and were similar to but milder than those of the SOD1/+ transgenics. They were less pronounced than in mice with a single mutation, either Dync1h1 or SOD1G93A (Kuźma-Kozakiewicz et al., 2012) . Thus, the Dync1h1 mutation influences kinesins expression in SOD1/+ mice, but its mechanism remains unclear.
The expressin of kinesins in wild-type mice was much higher in the brain frontal cortex and cerebellum than in the spinal cord and hippocampus. In the frontal cortex, the expression of KIF5C and C2 (but not 5A) was age-dependent and was significantly lower in groups aged 140 and 365 days comparing to the 70-day-old one. It was accompanied by a lower tau expression in old (aged 365 days) compared to young (aged 70 days) mice (Barańczyk-Kuźma et al., 2007) indicating an impairment in axonal transport with age. On the other hand, the increased kinesin mRNA expression in the frontal cortex of older Cra1/+ and Cra1/SOD1 mice could indicate a compensatory mechanism to restore axonal transport affected by both age and mutation.
In the cerebellum of wild-type animals, the expression of all kinesins investigated was higher in the older groups. A possible mechanism may be a compensatory response to the age-related disturbances in other proteins involved in axonal transport, such as a decreased dynactin expression in old wild-type but not Cra1/+ or Cra1/SOD1 mice (unpublished data).
It can be concluded that in mice with the Dync1h1 mutation, which impairs dynein 1-dependent retrograde transport, expression of kinesin-mRNA is affected in various structures of the CNS and the changes are similar to or milder than in mice with double Dync1h1/ hSOD1G93A mutations.
